Introduction

1
Although phosphoinositides constitute only a small percentage of membrane lipids, they 2 exert powerful effects on many cellular processes. The seven phosphoinositide species are 3 named according to the combination of phosphate groups present on the 3-, 4-, and 5-positions of 4 the inositol ring. Phosphatidylinositol (PI) 4-kinases (PI4Ks) catalyze conversion of PI to PI 4-1 8 5C), the level of Sec5 at the oocyte-follicle cell interface in PI4KIIIα GLCs (Fig. 5F ) was no 1 9 stronger than on lateral follicle cell membranes, indicating that PI4KIIIα GLCs fail to recruit or 2 0 retain the exocyst. To test whether these PM defects result from a specific requirement for PI4KIIIα or a general 2 4 requirement for PI4P, we examined egg chambers in fwd and PI4KII null mutants. Overall, the PM was intact and F-actin appeared normal (Fig. 4C,D) , indicating that actin organization and PM integrity during oogenesis are independent of Fwd and PI4KII. Additionally, Sec5 localization was not affected in fwd or PI4KII mutants (Fig. S3) . However, in late-stage fwd and 4C,D) that were not visible in late-stage WT egg chambers or PI4KIIIα ∆ 123 GLCs (Fig. 4A,B) . PI4KII egg chambers that had otherwise normal lectin staining (Fig. 6D ).
To further define these intracellular membrane defects, PI4KIIIα (Fig. 6A , compare insets 1-3). In contrast, fwd and PI4KII mutant egg 7 chambers showed obvious, yet distinct, defects in Golgi morphology. In fwd, Lva puncta were 8 significantly smaller than WT (Fig. 6C,E) . Lectin puncta that partially overlapped with larger 9 Lva puncta were either irregularly shaped (Fig. 6C, inset 1) or elongated (Fig. 6C , inset 2).
0
22.4% (n=241) of fwd puncta exhibited abnormal shapes compared to 8.5% in WT (n=188) and 1 1 7.8% in PI4KII (n=90). Many of the small Lva puncta appeared to be in close proximity to, but did not overlap with, small lectin puncta (Fig. 6C, inset 3 ). As tomato lectin is predicted to bind TGN. Lva puncta in PI4KII were slightly larger and more varied in size (Fig. 6D,E) . The largest 1 5 structures were often still associated with lectin, but many appeared to be clusters of several Lva puncta that could not be resolved at the level of confocal microscopy ( Fig. 6D, inset 1 ). Within some clusters, discrete Lva puncta were distinguishable and scored as separate units ( 17.5) and PI4KII (114.0 ± 1.4) egg chambers were similar to WT (124.7 ± 58.8; n=2-3 egg 2 0 chambers each). These results suggest fwd and PI4KII affect Golgi morphology and the manner 2 1 in which cis-Golgi associate with the TGN.
2
In contrast, in PI4KIIIα ∆ 123 GLCs, Lva puncta were of similar size, shape, and number 2 3 (118.7 ± 28.7 per GLC, n=3) to those in WT (Fig. 6E) , and appeared as individual units rather 2 4 than clusters. Lva puncta located away from the centre cluster partially overlapped with adjacent 2 5 lectin puncta, as in WT (Fig. 6B, insets 1-3) . However, in contrast to the perinuclear localization of Golgi in WT, most Lva puncta were localized in the centre of the cyst near the clustered 2 7 lectin-positive membranes (Fig. 6B ). This may be a secondary consequence of PM breakdown, as other organelles were concentrated in this region as well ( Fig. 3J and not shown). Membrane clustering made it difficult to assess specific association between lectin and Lva puncta. While 3 0 the normal size, shape, and number of Lva puncta suggest that cis-Golgi morphology is not grossly affected in the absence of PI4KIIIα, inability to assess most of the lectin puncta 1 precludes a conclusion about the effect of PI4KIIIα ∆ 123 on overall Golgi organization. PI4KIIIα might affect PM levels of PI4P or PI(4,5)P 2 . To detect PI(4,5)P 2 , we examined 6 PLCδPH-GFP, a fluorescent reporter that has also been used to titrate PI(4,5)P 2 (Raucher et al., (Fig. 7A,B) . However, 50% of the egg To assess PM phosphoinositide levels without eliciting phenotypes by titration, we used anti-PI4P or anti-PI(4,5)P 2 antibodies to immunostain WT egg chambers and PI4KIIIα
GLCs. In WT, PI4P was detected along the PM and in ring canals (Fig. 7C ). In contrast, 
PI4KIIIα
∆ 123 GLCs showed reduced PI4P staining at the PM ( Fig. 7D ; 76.7% of egg chambers, be due to loss of membranes. To account for this, we examined the PI4P signal in relation to 1 7 cortical F-actin. If the decrease in PI4P staining intensity was due to loss of membrane, and not a 1 8 decrease in the level of PI4P, we would expect GLCs to exhibit a similar PI4P:F-actin ratio 1 9 compared to WT. However, of the GLCs that showed reduced PI4P, the average PI4P:F-actin 2 0 ratio was 55.5% of WT ( Fig. 7E ; n=23, p<0.01), indicating that PI4KIIIα controls PI4P levels at 2 1 the PM. Like PI4P, PI(4,5)P 2 was detected along the PM and in ring canals in WT (Fig. 7F) . PI(4,5)P 2 was also reduced in PI4KIIIα GLCs, although to a lesser extent ( Fig. 7G ; 46.9% of egg 2 3 chambers, n=49); the PI(4,5)P 2 :F-actin ratio was 70.5% of WT ( Fig. 7E ; n=23, p<0.05). Thus, PI4KIIIα is needed for normal PI4P and PI(4,5)P 2 levels at the PM. PI4KIIIα is required for egg chamber polarity Since egg chambers with reduced levels of PI(4,5)P 2 due to mutation of the PIP5K Sktl have exhibit polarity defects. Oskar is localized to the posterior pole in stage 9 or later WT egg 3 0 12 chambers (Fig. 8A,A' ). In PI4KIIIα (Fig. 8D) . In PI4KIIIα
GLCs, Gurken was either not visibly concentrated within the egg chamber (Fig. 8E) or not 5 associated with the oocyte nucleus (Fig. 8F) . In addition, the oocyte nucleus failed to localize at 6 the dorsal-anterior position (3/8 were properly localized, compared to 10/10 in WT) ( Many cellular processes at the PM depend on phosphoinositides, although it has remained 2 unclear whether these processes are coordinately regulated. Here, we show that during 3 oogenesis, PI4KIIIα is essential for coordinating membrane trafficking and actin organization at 4 the cortex as well as for integrity of the PM itself. Moreover, our data suggest that PI4KIIIα is 5 the PI4K that affects PM phosphoinositides. We provide several lines of evidence indicating that 6 a major role for this enzyme is production of PI4P for conversion into PI(4,5)P 2 at the PM. PI(4,5)P 2 . The similar phenotypes of PI4KIIIα and dPTEN mutants strongly suggest they 1 1 impinge upon a common pool of PI(4,5)P 2 . Second, ubiquitous expression of the PLCδPH-GFP,
which titrates PI(4,5)P 2 , recapitulated this phenotype in 50% of otherwise WT egg chambers.
3
Third, immunostaining revealed reduced levels of PI4P and PI(4,5)P 2 in the PM of PI4KIIIα GLCs. Fourth, PI4KIIIα GLCs fail to activate and recruit proteins previously shown to require PI(4,5)P 2 . pMoe was dramatically reduced at the oocyte cortex in GLCs, and Moe Moe activator dRok, and exhibit PM defects found in GLCs mutant for the exocyst subunits Sec5 2 0 and Sec6, as well as Rab6, a regulator of secretion, and Rab11, which binds the exocyst precursor to PI(4,5)P 2 , exerts profound effects on PM signaling and stability. example, pMoe localization is also defective in sktl hypomorphic GLCs (Gervais et al., 2008).
7
However, PI4KIIIα oogenesis defects are not identical to those of sktl. Although marked GLCs Hence, we suggest that in Drosophila oogenesis PI4KIIIα acts upstream of Sktl, and perhaps 6 also PIP5K59B, to produce a pool of PI4P that feeds PM PI(4,5)P 2 .
Loss of PI4KIIIα has a greater effect on PI4P than on PI(4,5)P 2 ; a smaller percentage of 8 GLCs showed reduced PI(4,5)P 2 , and those that did were less strongly affected. Interestingly, in 9 PI4KIIIα knockout MEFs, PI4P and PI(4,5)P 2 reporters are dramatically reduced at the PM, PIPK1γ. Hence, it is possible that compensatory upregulation of Drosophila PIP5Ks accounts for other PI4Ks could supply a small amount of PI4P that serves as a precursor to PI(4,5)P 2 .
5
Our results leave open the possibility of PI(4,5)P 2 -independent functions for PM PI4P. It is noteworthy that some functions previously attributed to PM PI(4,5)P 2 were found to be reliant 1 7 on a negative charge that could be provided by either PI4P or PI(4,5)P 2 (Hammond et al., 2012).
8
Thus, in PI4KIIIα ∆ 123 GLCs, it is possible that lack of PI4P is directly responsible for the some 1 9 of the observed phenotypes. However, the fact that sktl GLCs show similar phenotypes indicates 2 0 that either PI4P alone is not sufficient or that PI(4,5)P 2 is specifically required. Since PI4KIIIα 2 1 regulates both PI4P and PI(4,5)P 2 , the mechanism by which PI4P contributes to PM function in 2 2
Drosophila, whether as a direct regulator, a precursor, or both, remains an open question.
3
Several aspects of cell polarity were disrupted in PI4KIIIα missing from the posterior pole, suggesting PI4KIIIα, like sktl and dPTEN, may also affect oskar with PI4KIIIα mutant PFCs, the oocyte nucleus is consistently positioned tightly at the posterior, 1 1 indicating that mutant PFCs fail to send the unknown signal that initiates oocyte repolarization nucleus to the dorsal-anterior or posterior of the oocyte could be defective in PI4KIIIα GLCs. C2β both produce PI3P and are co-expressed; however, only the latter is necessary for LPA- 
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Materials and Methods
1
Fly stocks and genetic crosses 2
Flies were raised on standard cornmeal molasses agar at 25°C (Ashburner, 1990 To generate GLCs by the method of Chou and Perrimon (1992), the PI4KIIIα deletion allowed to lay eggs for 24 hours and emerging larvae were heat-shocked for 2 hours in a 37°C Generation of PI4KIIIα deletion 2 7
To generate a deletion in PI4KIIIα, GE3785 (Fig. 1A) was excised imprecisely using Δ2-3 2 8
transposase. Deletions were identified by PCR of genomic DNA extracted from 750 candidate PI4KIIIα and the first exon of sgg, while leaving GE3785 intact (GE3785-9). Subsequent mobilization of GE3785-9 removed an additional 1.8 kb from the 3' end of numbers to female siblings. 
Molecular biology 1 3
The PI4KIIIα rescue transgene was generated as a genomic-cDNA fusion. The 5' half,
consisting of genomic DNA encoding PI4KIIIα, was joined to the 3' half, containing cDNA (EST clone SD12145; Canadian Drosophila Microarray Centre, Mississauga, Ontario, Canada).
6
Genomic DNA containing the 5' rescuing region was amplified from w 1118 flies and cloned into with KpnI and XmaI. Genomic and cDNA fragments were fused at a unique internal KpnI site 2 0
and cloned into pBluescript with XbaI and XmaI. The genomic-cDNA construct was subcloned 2 1 into pCaSpeR4 using XbaI and SmaI/StuI.
2
PI4KIIIα, fwd, PI4KII, and sktl double-stranded RNA (dsRNA) templates were prepared 2 3
by PCR amplification of genomic DNA from w 1118 flies. slik dsRNA was amplified from EST 2 4
LD34405. As a negative control, GFP dsRNA was amplified from the pEGFP-N2 plasmid.
5
Oligonucleotides included (top strand) a 5´ T3 promoter sequence or (bottom strand) a 5´ T7 promoter sequence fused to gene-specific sequences for PI4KIIIα (exon 5, exon 6 start, exon 6 2 7 end), fwd, PI4KII, sktl (exon 1 start, exon 1 middle), slik, and GFP. dsRNA was prepared using 2 8
MegaScript T7 and T3 in vitro transcription kits (Ambion, Applied Biosystems, Carlsbad, CA).
9
Equal amounts of the T3 and T7 transcription products were mixed, heated to 95˚C for 10 Table S1 . performed with results from triplicate dsRNA treatments. Immunolocalization was performed using standard procedures (Mathe, 2004 MgCl 2 . Rhodamine-phalloidin was used at 4 U/mL, dried and resuspended in ethanol before 2 0 addition (Invitrogen Corp., Carlsbad, CA). ToPro DNA dye was used at 1:1000 (Invitrogen) and 2 1 samples were mounted in PPD (0.1x PBS, 90% glycerol, 1 mg/mL p-phenylenediamine).
2
Immunolocalization of PIPs was performed as described (Hammond et al., 2009).
3
The following antibodies were used: rabbit anti-Oskar (a gift from Paul Lasko, 1:700), anti-PIP IgM antibodies (Echelon Biosciences Inc., Salt Lake City, UT) were used at 1:100 (anti- (tomato) lectin (Vector Laboratories Inc., Burlingame, CA) was used at 150 μg/mL. Anti-rabbit chamber, and follicle cell morphology. Ovaries were prepared for transmission electron microscopy as described (Bazinet and Microscopy Techniques, Woburn, MA, USA).
7
Quantification of Lva and lectin puncta size was performed using Volocity 4. Puncta within one plane of a representative egg chamber were scored using the line measurement tool across the greatest cross-sectional distance for each spot. Statistical analysis was performed 2 0 using one-way and two-way ANOVA followed by Tukey's pairwise comparison post-test.
1
Quantification of Sec5, PI4P, PI(4,5)P 2 , and F-actin intensity levels was performed using ImageJ Importance of the pleckstrin homology domain of dynamin in clathrin-mediated endocytosis.
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